To investigate the diversity of viral flora, we used metagenomics to study the viral communities in a pooled faecal sample of 27 diarrhoeic piglets from intensive commercial farms in China. The 15 distinct mammalian viruses identified in the pooled diarrhoeic sample were, in order of abundance of nucleic acid sequence, Porcine epidemic diarrhea virus (PEDV), sapovirus, porcine bocavirus-4 (PBoV-4), sapelovirus, torovirus, coronavirus, PBoV-2, stool-associated single-stranded DNA virus (poSCV), astrovirus (AstV), kobuvirus, posavirus-1, porcine enterovirus-9 (PEV-9), porcine circovirus-like (po-circo-like) virus, picobirnavirus (PBV) and Torque teno sus virus 2 (TTSuV-2). The prevalence rate of each virus was verified from diarrhoeic and healthy piglets by PCR assay. A mean of 5.5 different viruses were shed in diarrhoeic piglets, and one piglet was in fact coinfected with 11 different viruses. By contrast, healthy piglets shed a mean of 3.2 different viruses. Compared with samples from healthy piglets, the co-infection of PEDV and PBoV had a high prevalence rate in diarrhoea samples, suggesting a correlation with the appearance of diarrhoea in piglets. Furthermore, we report here for the first time the presence of several recently described viruses in China, and the identification of novel genotypes. Therefore, our investigation results provide an unbiased survey of viral communities and prevalence in faecal samples of piglets.
INTRODUCTION
Swine have an important role in the agricultural market and provide a crucial source of food worldwide. Porcine diarrhoea has caused significantly increased mortality and morbidity in piglets, particularly in intensive pig farms, thereby contributing to major economic losses in the pig industry worldwide. A large variety of viruses can cause porcine diarrhoea, including Porcine epidemic diarrhea virus (PEDV) (Pensaert & de Bouck, 1978) , porcine rotavirus (Estes et al., 1983) and transmissible gastroenteritis virus of swine (TGEV) (Gonzalez et al., 2001) . Recently, novel viruses associated with diarrhoea have emerged in outbreaks on piglet farms (Meng, 2012) , such as bocavirus (Shan et al., 2011a) , kobuvirus (Reuter et al., 2008) , sapovirus (Liu et al., 2012) , sapelovirus and astrovirus (Shan et al., 2012) . Novel viruses continue to emerge from studies of piglet diarrhoeic faeces (Cheung et al., 2013; Sikorski et al., 2013; Yu et al., 2013) . Thus, the understanding and surveillance of viruses in piglets provides epidemiological baseline information about potential future pathogens.
Viral metagenomics is a high-throughput sequencing technology that has proven to be a powerful tool for investigating previously unrecognized aetiology and identifying novel viral species (Mokili et al., 2012; Rosario & Breitbart, 2011) . In protocol, the technique generally consists of four steps: (i) concentration and purification of virus particles from the sample, (ii) extraction and amplification of nucleic acids, (iii) deep sequencing and (iv) bioinformatics analysis (Tang & Chiu, 2010) . The library construction needs a certain amount of nucleic acids for deep sequencing; however, the amount of nucleic acids in the concentration and purification steps of the extraction process is typically very low. Thus, enrichment of nucleic acids is often applied in viral metagenomics. This approach has been successful in the past for identifying viruses in the faeces of diarrhoeic piglets (Sachsenroder et al., 2012; Shan et al., 2011b) .
In this study, we report the application of metagenomics based on a small amount of nucleic acids to provide insight into viral communities and prevalence, and characterization of viral co-infection in piglet diarrhoeic faeces in China.
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RESULTS

Overview of sequence data
The faeces of 27 diarrhoeic piglets were pooled and viral metagenomics analysis was performed. By deep sequencing, the nucleic acids of viral particles were sequenced to generate 4 080 117 bp from the Illunina sequencing run. Approximately 1.2 % of the sequence reads showed matches to mammalian viruses (Fig. 1) , obviously lower than that of previous faecal viromes in pigs (Sachsenroder et al., 2012; Shan et al., 2011b) . The 7914 sequence contigs were created using reads and classified on the basis of the best BLASTX expectation (E) scores.
Virome of porcine stools
The 87 % of sequence reads with the best BLASTX matches to mammalian viruses were RNA viruses belonging to the families Coronaviridae, Picornaviridae, Astroviridae, Caliciviridae and Picobirnaviridae. In addition, 13 % of sequence reads were identified as DNA viruses that were related to the ssDNA viruses in the Circoviridae, Anelloviridae and Parvoviridae families. This phenomenon was due to the fact that the entire viral DNA was not entirely removed during the RNA extraction and purification process.
In this study, 15 distinct mammalian viruses were found. The previously characterized viruses identified in China consisted of PEDV, kobuvirus, sapovirus, sapelovirus, torovirus, coronavirus, porcine bocavirus (PBoV), astrovirus (AstV), Torque teno sus virus 2 (TTSuV-2) and porcine enterovirus-9 (PEV-9). Several novel viruses including porcine stool-associated single-stranded DNA virus (poSCV), posavirus-1, porcine circovirus-like (po-circolike) virus and picobirnavirus (PBV) were also found in the metagenomic data. The mammalian viruses were, in order of abundance of sequence read, PEDV (50.9 % of all reads), sapovirus (16.9 %), PBoV-4 (8.5 %), sapelovirus (7.4 %), torovirus (5.0 %), coronavirus (3.0 %), PBoV-2 (3.0 %), poSCV (1.5 %), AstV (1.1 %), kobuvirus (0.8 %), posavirus-1 (0.8 %), PEV-9 (0.6 %), po-circo-like virus (0.4 %), PBV (0.08 %), and TTSuV-2 (0.08 %) (Fig. 1) .
Prevalence of viruses in diarrhoeic and healthy faeces samples
To obtain insight regarding the prevalence of viruses, we used PCR assays to test for the presence of viruses in 27 diarrhoeic samples from 12 farms and 29 healthy samples from 4 farms, which were derived from 20-to 30-day-old piglets, and collected from July to December 2012. Out of 27 diarrhoeic samples, PEV-9 was found in 85.2 % (23/27), AstV in 74.1 % (20/27), PEDV in 70.4 % (19/27), PBoV-2 in 59.2 % (16/27), sapelovirus in 48.1 % (13/27), kobuvirus in 44.4 % (12/27), posavirus-1 in 40.7 % (11/27), sapovirus in 33.3 % (9/27), torovirus in 33.3 % (9/27), PBoV-4 in 18.5 % (5/27), PBV in 14.8 % (4/27), po-circo-like virus in 11.1 % (3/27), poSCV in 7.41 % (2/27), coronavirus in 7.41 % (2/27) and TTSuV-2 in 7.41 % (2/27) ( Table 1) . For individual diarrhoeic faecal samples, the mean number of porcine virus categories per faeces sample (co-infections) was 5.5 for diarrhoeic piglets, with a maximum of 11 different viruses shed in one diarrhoeic piglet. The above results indicated a high prevalence of viral co-infection in diarrhoeic piglets. In the 29 healthy samples, only 9 different viruses were found; kobuvirus was detected in Table 1 . Viruses detected by PCR in 27 piglet diarrhoeic faeces samples Virus S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 S16 S17 S18 S19 S20 S21 S22 S23 S24 S25 S26 S27 Rate* Samples S1-S8 were from the same farm, samples S9-S15 were from the same farm, samples S16-S18 were from the same farm and samples S19-S27 were from nine different farms. *Prevalence of the 15 different viruses in the 27 piglet diarrhoeic faeces. Virome in piglet diarrhoeic faeces in China , PEDV in 6.9 % (2/29), torovirus in 6.9 % (2/29) and PBoV-2 in 6.9 % (2/29) (Table 2) . However, six viruses were not detected in healthy samples: PBoV-4, PBV, po-circo-like virus, poSCV, coronavirus and TTSuV-2. A mean of 3.2 different viruses were shed in healthy piglets, indicating the lower prevalence of viral infection exhibited in faeces samples of healthy piglets. A bias in the results of viral species may have been caused due to the different number of diarrhoeic and healthy farms. From the PCR test results, we found that co-infection of PEDV and PBoV was more prevalent in diarrhoeic samples than those from healthy piglets.
Novel genotypes of viruses identified in diarrhoeic faeces samples
PCR products for each virus in diarrhoeic samples were sequenced. We found that the metagenomes of the 10 viruses identified had very high sequence similarities to published reference genomes. However, the five viruses sapovirus, kobuvirus, PBV, PBoV-2 and PBoV-4 appeared to have significant mutations in their nucleic acid sequences, suggesting that novel genotypes of these viruses were identified in this study.
Sapovirus, belonging to the caliciviruses, is known to cause enteric disease in humans and animals, and many studies have reported high rates of infection around the world (Svraka et al., 2010) . In this study, the nine positive samples shared 85.4 % to 100 % nucleic sequence similarities to each other based on the partial sequence (529 bp) of the capsid protein. In a phylogenetic tree, the 529 bp fragments were used to evaluate the evolutionary relationship between the nine sapoviruses and other sapoviruses. The results revealed that sapoviruses were clustered into two groups, one porcine sapoviruses and the other human sapoviruses. The nine sapoviruses identified in this study have distant genetic relationships with other porcine sapoviruses whose sequences are available from GenBank (Fig. 2a) . The seven porcine sapoviruses isolated from distinct farms were divided into one group, and the other sapoviruses of samples S1 and S4 from the same farm fell into another group. The result showed that these nine sapoviruses have distant genetic relationships with reported viruses whose sequences are available in GenBank, suggesting that novel genotypes of sapovirus were found in this study.
Several kobuviruses have been identified as new members of the Picornaviridae family, including human Aichi virus, bovine kobuvirus and porcine kobuvirus (Reuter et al., 2008) . In China, porcine kobuvirus has been identified in several regions (Lin et al., 2012; Yu et al., 2009) . In this study, the six kobuviruses showed 93.6 % to 100 % nucleic acid sequence similarities to each other based on the partial sequences (454 bp) of the 59-untranslated region (UTR). We constructed a phylogenetic tree with the sequences of other porcine kobuviruses and human Aichi viruses available from GenBank. Isolates from samples S1, S4 and S6 from the same farm fell into a single group, and those from samples S16, S18 and S19 from different farms were clustered into another single group, both of which have distant genetic relationships with other kobuviruses whose sequences are available from GenBank (Fig. 2b) . The results suggested that the diarrhoeic faeces harboured novel genotypes of porcine kobuvirus.
PBV is small, non-enveloped, bisegmented and doublestranded RNA virus detected in humans and a wide variety of mammals and birds (Banyai et al., 2008) . In this study, a pair of primers targeting an RNA-dependent RNA polymerase (RdRp) gene was designed to amplify a 546 bp fragment based on the metagenomic data. The results showed that four positive samples were detected in 27 samples, and the four porcine PBVs had 65.8 % to 79.9 % nucleic acid sequence similarity to each other and 63.7 % to 69.8 % nucleic acid sequence similarity with porcine PBV reported previously in China (GenBank no. HM070240).
We constructed a phylogenetic tree to show the evolutionary relationship between these four porcine PBVs and PBVs of other species (Fig. 2c ). Three out of four porcine PBVs obtained in this study have closer genetic relationships with human PBVs than with porcine PBVs reported previously, implying that novel porcine PBV genotypes were present in this study.
Isolates of BoV, a genus of the family Parvoviridae, have been detected in numerous mammalian species, including bovine, canine, human and pig (Shan et al., 2011a) . In this study, PBoV-2 and PBoV-4 were identified from metagenomic data. Thereafter, two specific pairs of primers were designed that could distinguish the BoV species based on the NS1 gene. PBoV-2 was detected in 16 of 27 faeces samples and PBoV-4 in 5 of 27 faeces samples. The PBoV-2 samples identified had 93.8 % to 100 % nucleic acid sequence similarity to each other, and the PBoV-4 samples had 100 % nucleic acid sequence similarity to each other. In the phylogenetic tree, the PBoV-2 samples obtained from this study were distributed into two clusters (Fig. 2d) : the isolates of samples S14, S24 and S25 had a close genetic relationship with PBoV2 ZJD and PBoV2 A6 isolated from China (GenBank no. HM053694 and HQ291309) and were clustered into one group; the other 11 isolates were clustered into another group, suggesting that novel BoV-2 strains are present in this study. Five PBoV-4 samples fell into a single group, which indicated that a novel PBoV-4 strain emerged in this study. 3  2  3  4  3  3  3  3  3  3  4  5  3  6  8  5  5  3  2  4  1  3  1  2  4  3  2  1  1 Samples C1-C7 were from the same farm, samples C8-C15 were from the same farm, samples C16-C23 were from the same farm and samples C24-C29 was from the same farm. *Prevalence of the 15 different viruses in the 29 faecal samples from healthy piglets. Virome in piglet diarrhoeic faeces in China 2011b; Wu et al., 2012) . In this study, we used centrifugation at 12 000 g to remove the large particulate debris and extracted the nucleic acids from a pooled faecal sample of 27 diarrhoeic piglets. The quantity of nucleic acids used for deep sequencing was 150 ng, which was lower than that of previously reported protocols (Phan et PBoV-2 S20
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PBoV-2 S14 categories of virus present were different. In addition, the number of virus types was higher than that found in diarrhoeic faeces in the USA (Shan et al., 2011b) , where eight different viral categories were identified. Therefore, the above results suggested that metagenomics was feasible for identifying the viral communities and prevalence in a clinical sample of emerging viral diseases.
Co-infection with multiple viruses in diarrhoeic pig faeces
Porcine diarrhoea has a great impact on the swine industry, as it causes a significant increase in mortality and morbidity in piglets. Viral diarrhoeal diseases caused by a variety of porcine diarrhoeal disease aetiology, and co-infection with multiple viruses was very prevalent in diarrhoeic pigs (Sachsenroder et al., 2012; Shan et al., 2011b; Zhang et al., 2013) . In this study, the virus prevalence rates revealed that all samples were co-infected with at least two different viruses and that, notably, co-infection with 11 different viruses was identified in one sample, demonstrating a high prevalence of co-infection and diverse viral communities in porcine diarrhoeal disease in China.
In this study, 16 of 27 diarrhoeic faeces samples were coinfected with PEDV and PBoV; by contrast, there was a low prevalence of infection with both viruses in faeces samples of healthy piglets (4/29). The above results suggested that a high prevalence of PEDV and PBoV co-infection plays an important role in causing diarrhoea in piglets. PEDV is causative of porcine epidemic diarrhoea, an acute and highly contagious enteric disease characterized by severe, watery diarrhoea, dehydration, vomiting, and high mortality in unweaned piglets (Ge et al., 2013; Zhou et al., 2012) . As a novel emerging virus, PBoV was first reported in Swedish pigs with post-weaning multisystemic wasting syndrome in 2009, and has recently been found in five different species (Blomstrom et al., 2009; Cheng et al., 2010; Lau et al., 2011; . PBoVs have been detected in diarrhoeic pigs Shan et al., 2011b) . Our investigation results indicated that the co-infection of PEDV and PBoV in diarrhoeic piglets might result in the aggravation of diarrhoea. Therefore, it is important to note that the identification and surveillance of the co-infection of PEDV and PBoV might contribute to controlling and preventing diarrhoeal disease in piglets. Although AstV, PEV-9 and kobuvirus had a very high prevalence rate in faecal samples of healthy piglets, the biological role of AstV, PEV-9 and kobuvirus was unclear.
First detection in China of recently described viruses in pigs
The infection rate of four recently described viruses, posavirus-1, PBV, poSCV and po-circo-like virus, was investigated for the first time in diarrhoeic faeces of pigs in China.
Posavirus was first molecularly identified in the USA in 2011 using a metagenomic study (Shan et al., 2011b) . Two highly divergent viruses were detected, posavirus-1 and posavirus-2, sharing only about 46 % similarity in genome sequences (Shan et al., 2011b) . In phylogenetic analysis, posavirus sequences were closely related to cDNA-derived sequences of the Ascaris suum nematode, which is a frequent parasite in pig guts (Shan et al., 2011b) ; hence, posavirus might not be a pig virus but possibly a virus of pig worms. In this study, posavirus-1 was detected in 11 samples, and no posavirus-2 was found in metagenomic data. Based on the 428 bp fragment, the posavirus-1 samples showed 91.4 % to 100 % nucleic acid sequence similarities with each other and 90.7 % to 97.4 % nucleic acid sequence similarities with the posavirus-1 reported previously in the USA. The above results indicated that the virus was common and had a relatively high infection rate in China.
PBVs can be isolated from the diarrhoeic faeces and respiratory tract of humans and other mammals (Banyai et al., 2008; Smits et al., 2011 Smits et al., , 2012 . PBVs could be identified in patients co-infected with enteric pathogens, such as rotavirus and AstV; thus the virus was predicted to be an opportunistic enteric pathogen (Smits et al., 2012) . In this study, four PBVs were identified in 27 diarrhoeic faeces. The four viruses shared relatively low similarity with each other. Also, there were relatively low similarities with porcine PBV sequences available from GenBank. In the phylogenetic tree, the four viruses showed a relatively closer genetic relationship with human PBVs than PBVs of other species. Therefore, the results further supported the suggestion that cross-species transmission of PBVs has emerged between pigs and humans (Smits et al., 2011) .
Circular ssDNA viruses can infect a range of hosts, including humans, pigs and birds (Sikorski et al., 2013) . In previous metagenomic data, diverse circular ssDNA viruses were detected in faecal samples collected from diarrhoeic and healthy pigs, including poSCV and po-circolike virus (Sachsenroder et al., 2012; Shan et al., 2011b) . In this study, both viruses were found in metagenomic analysis, although only two poSCV and three po-circo-like viruses were identified in 27 diarrhoeic faeces, revealing relatively low infection rates. Based on partial sequences (398 bp) of the replicase protein (Rap) gene of poSCV, the poSCV isolates had .99 % nucleic acid sequence similarity to each other and .86 % nucleic acid sequence similarity to the previously reported virus (GenBank no. JQ023166).
The po-circo-like virus samples shared .99 % nucleic acid sequence similarities with each other and .92 % nucleic acid sequence similarities with those reported previously in the USA (JF712716 and JF712717). In addition, we found that the poSCVs isolated in this study had a high level of coinfection with viruses associated with numerous diarrhoarelated viruses, such as PEDV, PBoV, AstV, torovirus, sapelovirus, enterovirus and so on, which was consistent with previous reports (Sachsenroder et al., 2012; Shan et al., 2011b) . However, the pathogenesis of circular ssDNA viruses needs be further investigated.
In conclusion, this study revealed that viral metagenomics enables the efficient analysis of viral communities and prevalence in diverse clinical samples based on a small amount of nucleic acids. The fifteen different mammalian viruses and a high prevalence of co-infection were identified in diarrhoeic faeces, demonstrating that the prevalent virus community is complex and diverse in the pig industry of China. In addition, several recently described viruses were reported for the first time in China and novel genotypes were identified. Hence, this study provides a more comprehensive understanding of the virus communities and epidemiological investigation of faeces of diarrhoeic piglets in China.
METHODS
Sample collection. Stool samples were collected from intensive commercial farms in Sichuan province from July to December 2012. The 27 faecal specimens of piglets with diarrhoea from 12 farms and the 29 samples from healthy piglets from 4 farms were collected from piglets between the ages of 20 and 30 days. Faecal specimens were stored in sterile 50 ml centrifuge tubes and frozen at 280 uC.
Sample preparation and viral nucleic acid extraction. Faecal samples were collected as described previously, with modification (Shan et al., 2011b) . Briefly, approximately 1 g of every diarrhoea faecal specimen was resuspended in 10 volumes of PBS and vortexed vigorously for 5 min. The stool suspensions were pooled at 100 ml each and centrifuged at 12 000 g for 10 min at 4 uC. The supernatant was then filtered through a 0.22 mm filter (Millipore) to remove intact bacteria and other large cellular debris. The filtrates containing the viral particles were treated with a mixture of DNase and RNases (TaKaRa) at 37 uC for 90 min to remove unprotected nucleic acids. Total RNA from the sample was extracted using the QIAamp Viral RNA Mini kit (Qiagen). For the total RNA sample obtained, reverse transcription was performed using SuperScript III reverse transcriptase (Invitrogen) and random hexamers (Invitrogen) following the manufacturer's protocol.
Library construction and TruSeq Illumina sequencing. cDNA levels were determined using a Qubit Fluorometer (Life Technologies). cDNA (150 ng) was used to construct a library according to the manufacturer's instructions (TruSeq RNA sample preparation kit). Briefly, the cDNA sample was ultrasonicated to generate fragments less than 500 bp. The cDNA fragments were polished using T4 polynucleotide kinase. The adaptors were then ligated, and loaded on the HiSeq 2000 for sequencing.
Data analysis. Raw sequence reads were trimmed to remove the reads of adaptors, duplicate reads and porcine genomic sequences and those with a minimum length of 90 bp were selected. The reads that passed the data processing were considered the useful sequences. In parallel, all useful reads were subjected to de novo contig assembly using the SOAP assembly software, with the criterion of a 90 % minimum overlap identity. The assembly data were aligned with sequences in the NCBI nonredundant nucleic database (NT) and the nonredundant protein database (NR) using BLASTN and BLASTX, respectively. The taxonomies of the aligned read with the best BLAST value (E value ¡10
24
) were selected and used for further grouping analysis. The abundance of viruses was scanned by SOAP aligner software to further analyse the diversity of the species identified from the piglet diarrhoeic faeces.
Detection of virus prevalence in diarrhoea and healthy specimens. To detect the viral infection rate in faecal samples, PCR primers (Table S1 , available in the online Supplementary Material) were designed based on the reads from the Illumina sequencing run or the completion of a viral genome from GenBank. The PCR using each specific primer pair was performed according to the following procedure: Ex Taq Buffer at 16, 2 mM MgCl 2 , 200 mM of each dNTP, 0.4 mM primer and 1.25 U Ex Taq DNA polymerase (TaKaRa). For each reaction, 2 ml DNA or cDNA from each faecal sample was used. The amplification was performed with the following reaction conditions: a hot start of 95 uC for 5 min, followed by 35 cycles of 95 uC for 30 s, 53 uC for 40 s and 72 uC for 1 min, with a final extension at 72 uC for 10 min. PCR products were gel-purified using a QIAquick gel extraction kit. Both strands of the PCR products were sequenced at Invitrogen (Shanghai, China) using the PCR primers.
Phylogenetic analysis. Nucleic global multiple sequence alignments were constructed for different fragments with distinct virus genes using MUSCLE v3.7. Pairwise identity values and phylogenetic analyses were carried out using MEGA 5.0. Phylogenetic trees were constructed using the neighbour-joining algorithm with p-distances and with a bootstrap value of 1000.
